To correlate the atomic structure and mechanical behavior of amorphous solids, bridging shear transformation zone (STZ) to the atomic structure is crucial. Referring to dislocation of crystals and according to the concept of shear transformation in amorphous solids, from a mean perspective, an atomic structure-based shear transformation zone (SSTZ) based on radial distribution function (RDF) where an average atom is surrounded by atoms of different shells, is proposed. The elementary deformation event of the disordered structure is considered as a mean atomic rearrangement, i.e., a concordant rearrangement process between the atom shells in the SSTZ. The SSTZ will introduce no necessary modification into the transition state theory-based flow equation of amorphous alloys and provide both the universal yielding criterion and the anelastic deformation of amorphous alloys with a structure basis in terms of the shift of the peak on RDF under loading. Besides, regarding with issues like shear dilation and Poisson ratio etc., profound understandings can be achieved for the clear structural characteristic of the SSTZ.
Introduction
The elementary deformation unit, or more exactly deformation event, of disordered structure is of great importance to elucidate the mechanical behaviors of amorphous solids on the atomic structure level [1] [2] [3] . The effort to clarify such a unit can find its trail dating back to the 1930s [4] [5] [6] , i.e., the concept of dislocation [7, 8] , a line defect defined on the crystal lattice, of which the glide on the lattice is the primary deformation mechanism of crystals [9] . Coming to amorphous solids, a concept of shear transformation in local atomic configuration, lately named shear transformation zone (STZ), is proposed by analogy to dislocations [10, 11] . Although dislocation is undoubtedly observed with modern microscopy technology and the related theory on the various deformation behaviors of crystals is developed, the STZ in amorphous solids is still obscure and confusing for the isotropic and homogeneous contrast of the image of amorphous solids under high resolution electron microscopy [3, [12] [13] [14] . However, many issues in the deformation of amorphous solids, like yielding and shear dilation, reckon on the structural characteristic of STZ [10] . What makes the situation more confusing, widespread consensus has been reached that STZ seems "event-oriented" rather than an entity of a specific structure like the clearly observed dislocation of crystals [2] . Computer simulations have also indicated that the size of STZ "events" follows a power law distribution and exhibits no characteristic size [15] . This dilemma of STZ stands as an unavoidable obstacle in correlating the mechanical behavior of amorphous solids to their atomic structure, especially for the clear structure variation in deformation observed in recent studies [16, 17] .
Besides electron microscopy, examination on amorphous structure is carried out mainly with synchrotron X-ray scattering tests [18] [19] [20] , by which the atom packing characteristic can be obtained from the scattering pattern in the form of structure factor in the reciprocal space or radial (or pair) distribution function (RDF or PDF) in the real space. With enhanced X-ray intensity, scattering tests with in-situ loading circumstance in which the shift of the RDF or structure factor can be measured showing the length scale dependent atomic strain have been performed and provide important structure messages of amorphous alloys in deformation [21] [22] [23] whereas, the length scale dependent atomic strain obtained in scattering tests is averaged over the part of sample that participates in scattering the incident X-ray beam and individual STZs cannot be resolved. Therefore, in spite that the concept of STZ observed in the rearrangements of amorphous systems, like foam-craft model [24] and colloids [25] , presents an important picture of the deformation of amorphous solids, the structural characteristic of STZ remains vague with nowadays structure characterization technique in understanding the mechanical behaviors of amorphous solids.
In this work, to make the best of the structure messages from in-situ loading scattering tests in understanding the mechanical behavior of amorphous solids, referring to dislocation of crystals and according to the concept of shear transformation, from a mean perspective, an atomic structure-based STZ (SSTZ) is proposed based on RDF to make up the missing structural characteristic of STZ in Part 2. The concept of SSTZ is justified in Part 3, and the applicability and application of the SSTZ are discussed in Part 4. The main conclusions are summarized in Part 5.
Method
Looking into the works on dislocation, it is important to note that the elementary deformation ψ of crystals induced by the glide [7] of mobile dislocations is calculated as [26] : ψ ¼ bρ m = ffiffiffiffiffi ffi ρ f p , where ρ m is the mobile dislocation density (the length of the mobile dislocation line in unit volume); ρ f is the forest dislocation density; b is the modulus of the Burgers vector of dislocation [9] . However, the glide of a dislocation, similar to the operation of a STZ surrounded by its matrix in amorphous solids, will not change the shape of the grain until it reaches the grain boundary. Hence, understanding the strain of dislocation glide from the perspective of individual dislocation glide [4] seems inappropriate and so does understanding the strain induced by the operation of an individual STZ in amorphous solids. Noting the coefficient ρ m = ffiffiffiffiffi ffi ρ f p , where 1= ffiffiffiffiffi ffi ρ f p is the mean space between the forest dislocations in a glide plane which act as obstacles to resist the glide of the mobile dislocations, it means that the macroscopic plastic deformation of crystals is actually calculated as a mean dislocation gliding along its Burgers vector in the glide plane, i.e., a mean dislocation of ρ m in length and of a Burgers vector of modulus b sweeps through an equivalent crystal grain of a size of ffiffiffiffiffi ffi ρ f p =ρ m in the dislocation glide direction and induces a macroscopic strain of ψ. From this aspect of view, in amorphous solids, it would also be more appropriate to understand the deformation mechanism from a similar mean perspective to resolve the effect of the surrounding matrix in the operation of individual STZs. For the long range disorder, the mean atomic structure of amorphous solids is characterized with radial distribution function (RDF) g(r) schematically illustrated in Fig. 1 , where different shells of atoms around the average atom are shown, noting that the splitting of the second strong peak is not drawn for clarity. In the following part, we will justify the STZ based on RDF from the mean perspective with a structure basis, i.e., an atomic structure-based STZ (SSTZ), within the state of the art of researches on amorphous alloys.
Results
Firstly, we have calculated the average atom size of a series of amorphous alloys [27] that have been fabricated, which turns out to be of a radii of 0.14-0.2 nm as shown in Table 1 . Meantime, it is important to note that the scale range of the RDF is 0 to 1.5-2 nm [18, 28] , a domain of about 10-atom size comparing to the average atom radii. Based on these results, the number of atoms in the range of 0-2 nm on the RDF is roughly 1000 atoms, encompassing the size (1-3 nm in diameter) and the number of atoms (100-500) of a nowadays recognized STZ quite well [29, 30] . Secondly, it has been reported that the length scale dependent atomic strain γ atomic measured in in-situ loading scattering tests as illustrated in Fig. 2 (a) (For more details, see Supplementary data) calculated with the shift of the peaks of the RDF as illustrated in Fig. 2(b) develops on the range of 0-2 nm on RDF with increasing external elastic load. The γ atomic is proposed to stem from the anelastic rearrangements between different atoms shells [22] on RDF as shown in Fig. 2(c) , which underpin the macroscopic mechanical behavior of amorphous alloys. Based on the concept of shear transformation, the STZ in amorphous solids can thereby be considered from a mean filed perspective as the cooperative rearrangement of these shells of atoms on RDF, i.e., an atomic structure-based STZ (SSTZ). For the isotropic amorphous structure, the SSTZ is of a spherical shape, of which the size can be determined based on the distribution of γ atomic measured by the shift of the peaks of the RDF in the loading direction as shown in Fig. 2(a) and also by the RDF in the transverse direction to external loading [22] . For γ atomic relying on external stress level, the size of SSTZ also depends on the external stress. Based on previously performed X-ray scattering tests [21] [22] [23] , approaching the yielding point of amorphous alloys, the SSTZ is examined to be of a radius of 1-2 nm as collected in Table 2 matches well the size of 2-3 nm in diameter of a nowadays recognized STZ [14] . On the other hand, the concept of the activation of the shear transformation event [3] in transition state theory remains the same to that in the reference [10] as shown in Fig. 2(d) . The SSTZ can thus be integrated into the flow theory based on STZ [10] :
, for the "event" nature of STZs of which the activations are represented in the equation by an normal mode frequency υ G multiplied by a stress and temperature dependent probability exp⌊
, where γ is strain rate; γ 0 is the elementary strain carried by a SSTZ event; α is a numerical coefficient: Δε is the elastic strain energy;τ is the ideal shear resistance; here Ω f is the size of SSTZ; k is the Boltzmann constant; T is temperature; σ is flow stress. For detailed derivation of the flow equations, one is referred to the references [10, 11] .
Discussion

Applicability
It is noted that the SSTZ is based on the correlation effect between shear transformation events [31, 32] . Were there no correlation, the case would be simple liquid where thermal kinetic movements of individual atoms would manage the flow of the system. Due to the correlation between shear transformation events, the size and shape of the SSTZ can be determined from the mean perspective by the distribution of the length scale dependent atomic strain γ atomic as shown in Fig. 2(a) , because the atom packing shown in the RDF is both spatially and temporally averaged over the whole deformed system. Hence, correlation effect is the basis of the SSTZ and determines that the application of the SSTZ is confined to the field where correlation exists, like in supercooled liquids (especially near the glass transition temperature T g ), glasses, colloids and near jammed granular materials [33] . For example, the flow of supercooled metallic liquids can be explained with the SSTZ as shown in Fig. 3 . At lower flow stress level, the cooperative rearrangement of the nearest neighbors would be enough to afford the flow rate. Consequently, the size of SSTZ is small and the flow is both microscopically and macroscopically homogeneous, i.e., Newtonian mode flow with the viscosity being a constant. With increasing flow stress level at higher flow rates, cooperative rearrangements of more shells of atoms are involved in flow. The SSTZ becomes larger and the length scale dependent atomic strain γ atomic exhibits fluctuation (See Fig. 2(a) ). For the expansion and contraction of different atom shells indicated by the fluctuation of γ atomic , shear dilation takes place and induces shear thinning, i.e., a decreased apparent viscosity [34] . As the correlation increases with flow stress at sufficiently high flow rates, jamming occurs and the fracture of supercooled liquid sets in before flow starts. All these phenomena have been reported in the rheology of amorphous alloys [1, 35] .
Moreover, the SSTZ can be understood as an extrapolation of the Gibbs ensemble, except that the Gibbs ensembles deal with thermal equilibrium systems and here we are using the SSTZ to tackle the deformation of amorphous solids which is usually far from equilibrium on mean field assumption. From this aspect of view, it is important to note that a local configuration rearrangement of an atomic cluster of several hundreds of atoms in the amorphous system is usually trivial to a macroscopic system of an Avogadro constant number of atoms and hardly affects the macroscopic behavior of such a system of statistical character (i.e., containing enough large number of atoms). Only in the sense of mean field, percolated many of these clusters would determine the state of the system [36] . This is the physical meaning of the SSTZ, i.e., to give a structure basis of the local shear transformation in terms of RDF from the mean perspective. In turn, The SSTZ also supports the proposition that the structural origin of the properties of amorphous solids mainly lies in the short to medium range of 1-3 nm [37] .
Application
It has been reported that the yielding behavior of amorphous alloys can be universalized with a power law criterion both in the sense of mechanical yielding [30] and in the sense of stress driven glass transition [38] . The energy required to overcome the barrier of yielding and glass transition mainly depends on the structural characteristic of STZ and also the interaction potentials between the constituent atoms [29] . The power-law scaling of the atom packing in amorphous alloys extracted based on the first peak position of the structure factor has been revealed to suggest the self-similarity of their amorphous structure on medium range 0.5-1.5 nm [19] , exactly the size of the SSTZ. The similar distributions of length scale dependent atomic strain γ atomic of several amorphous alloys [21, 23] near macroscopic yielding are also shown in Fig. 4(a) to support the self-similarity of their structures. Therefore, taking the glass transition temperature T g to represent the potentials between the constituent atoms of different systems of amorphous alloys, for the self-similar medium range structure of amorphous alloys, the energy barrier for yielding averaged over the volume of the SSTZ (i.e., the energy barrier density) should depend linearly on T g . This is consistent with the proposed universal yielding criterion, where near linear relevance between the energy barrier density [30] :
G, (W is the energy barrier; Ω is the volume of STZ; ς is a coefficient; γ C is the critical shear strain; G is the shear modulus) and the glass transition temperature T g of different amorphous alloys [3] is plotted in Fig. 4(b) (For more details, see Table SI in Supplementary data). The deviation of the data points from the linear relation surrounded by a dotted ellipse which represent the Ni-based or iron-based amorphous alloys probably originates from the determination of T g of these systems for its high temperature value and the vague glass transition region on their thermal analysis traces. Hence, the SSTZ will provide the empirical universal yielding criterion of amorphous alloys with a structure basis.
One key feature of the deformation of amorphous solids is shear dilation [39] . As the outer shell of the SSTZ exhibits larger strain in Fig. 2(a) , the volume of inner shells expands for the geometrical compatibility of deformation. This is the structural origin of shear dilation. In terms of the SSTZ, shear dilation can be quantified as the relative shift of the peak of RDF or structure factor and compared to the relaxation enthalpy, atomic level stress [40] and other measures of free volume concentration [41] . To demonstrate this proposition, we have calculated the fraction of anelastic deformation which is closely related to shear dilation. As shown in Fig. 5 , based on the length scale dependent atomic strain [22] γ atomic induced by anelastic deformation between r i and r e , the fraction of anelastic deformation (the area between the solid line and the dashed line indicated by the arrow) is estimated to be 10-20% of the total elastic strain (the area of the rectangle ar i r e b) at a stress level of 0.5~0.9σ y (σ y is the yielding strength), matching previous researches very well [42] (for more details, see Supplementary data). Therefore, the SSTZ will also provide the anelastic deformation and shear dilation of amorphous alloys with a structure basis.
Poisson ratio and fragility have been reported to correlate with the dynamic heterogeneity of amorphous solids in terms of the shear-like heterogeneity and the density heterogeneity [43] , as lower Poisson ratio and lower fragility value (i.e., strong glass) suggesting higher proportion of density fluctuation. The shift of the peaks of the RDF would reflect the density heterogeneity and the relative shift of the peaks would indicate the shear-like heterogeneity on different length scales, as shown in Fig. 2(a) 13 alloy of a higher Poisson ratio of (0.37-0.38) [27] . Along this approach, the fragility of amorphous alloys Fig. 3 . (Color online) Physical picture of the deformation of amorphous alloys at different stress levels (in glassy state) or flow rates (in supercooled liquid state). With increasing stress or flow rate, more shells of atoms will be involved in the cooperative rearrangement, exhibiting an increasing size of the atomic structure-based shear transformation zone (SSTZ). can also be understood with a structure background, for the intimate correlation between fragility and Poisson ratio [44, 45] .
Conclusion
In summary, an atomic structure-based shear transformation zone (SSTZ) of amorphous solids based on radial distribution function (RDF) is proposed without modifying current flow theory to bridge STZ to the atomic structure and to protrude its "event" nature. Detailed aspects, for instance, the size and shape, of the SSTZ can be resolved on the RDF in the in-situ loading scattering tests. More importantly, the SSTZ provides both the universal yielding criterion and the anelastic deformation of amorphous alloys with a structure basis. Future works focusing on the SSTZ to uncover the mechanical properties and underlying physics of amorphous solids are expected, because the SSTZ is of specific structural characteristic and presents an accessible approach to explore the structure-property relationship in the mechanical behavior of amorphous solids. 
